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Optogenetic Control of Vascular Tone with High Temporal Resolution
Tobias Bruegmann, Sarah Vosen, Daniela Wenzel, Bernd K. Fleischmann,
Philipp Sasse.
Institute of Physiology I, Bonn, Germany.
Blood pressure is directly controlled by the contractile state of vascular smooth
muscle cells (VSMCs) which is regulated by membrane potential-dependent
Ca2þ-entry through Ca2þ-channels and Ca2þ-release from intracellular stores.
Modulation of membrane potential in VSMCs in intact vessels can be per-
formed by electrical field stimulation or elevation of extracellular potassium
concentration, but both methods are not cell-specific and have low spatio-
temporal resolution.
To overcome these limitations, we have used the light-gated cation channel
channelrhodopsin2 for optogenetical control of VSMCs membrane potential.
ChR2 was expressed in a7r5 VSMCs and patch clamp experiments showed
light-induced inward currents. Brief light pulses with increasing light intensi-
ties led to graded depolarization and eventually initiation of action potentials.
Prolonged illumination resulted in constant depolarization and elevated intra-
cellular Ca2þ-concentrations.
Optogenetic stimulation of VSMCs in intact vessels was performed using
transgenic mice that express ChR2 (Nat Methods. 2010;7:897-900) in VSMCs
but not endothelial cells. Isometric force was analyzed in aortic rings with
a wire-myograph. Illumination with blue light (475nm, 2.7mW/mm2) reliably
induced contractions with very fast on- (< 800ms) and off-kinetics (< 2.5s)
and contraction could be maintained up to 10 min. The amplitude of contraction
could be graded by variation of light intensity and reached a maximum compa-
rable to stimulation with noradrenalin (10mM). Control vessels from wild-type
mice or transgenic mice expressing EGFP did not show light-induced
contractions.
Taken together ChR2 enables light-induced contraction of VSMCs with
high temporal resolution and represents a powerful technique to analyze
membrane-potential dependent mechanisms in VSMCs. Optogenetic stimula-
tion allows cell-specific and localized stimulation down to single cell level
and therefore can be used in the future to investigate the interplay of endothelial
cells and VSMCs as well as the electrical coupling between cells within intact
vessels.
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Spatiotemporal Control of Light Induced Dimerizers
Leo Valon, Amanda Remorino, Fred Etoc, Maxime Dahan,
Mathieu Coppey.
Ecole normale superieure, paris, France.
Recently, several optogenetic tools have been developed to control the bio-
chemical activity of signaling proteins with fast temporal and subcellular
spatial resolutions. Among this tools, the cryptochrome CRY2 was probed to
interact with its partner, CIBN, upon blue illumination. It was then showed
that this light inducible dimerizer could be used to induce signaling perturba-
tion in cells. An important issue with the use of these new dimerizers to dissect
interacting protein networks is the mapping between the light input and the
induced signaling perturbation. What should be the pattern of light to shine
on cell to obtain a required distribution of active proteins?
We combined TIRF microscopy with FRAP illumination to locally activate
CRY2 in the cytoplasm while monitoring its recruitment to the basal plasma
membrane (its partner, CIBN, being anchored to the membrane). With a simple
biophysical analysis of diffusion and trapping processes grounded on experi-
mentally measured parameters, we are able to propose simple set of rules to
achieve a desired spatiotemporal distribution on the plasma membrane. In par-
ticular we showed that it is possible to establish a stable steady gradient even if
the dissociation of the CRY2/CIBN complex is not light controllable. We then
exploit this light induced dimerizer to control the activity of RhoGTPases with
a fine spatial and temporal resolution.
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Synthesis and Characterization of a Red-Shifted, Fast Relaxing, Photo-
switchable Tethered Ligand for use in Modified Glutamate Receptors
Michael A. Kienzler1, Andreas Reiner1, Dirk Trauner2, Ehud Isacoff1.
1UC Berkeley, Berkeley, CA, USA, 2Ludwig-Maximilians University,
Munich, Germany.
A two-component chemical and biological approach based on a Photoswitch-
able Tethered Ligand (PTL) and a modified ionotropic glutamate receptor
(LiGluR) was recently developed. The PTL Maleimide-Azobenzene-Glutamate
(MAG) takes advantage of the photochemistry of azobenzene, which changes
its shape depending on the irradiation wavelength used. When MAG covalentlybinds via its maleimide end to an engineered cysteine residue near the ligand
binding domain of LiGluR, it allows for the precise control of channel gating,
as light isomerizes the azobenzene and docks or removes the glutamate from
the receptor binding site. The photochem-
ical properties of MAG offer opportunity
for shifting the activating wavelength
from UV light (380 nm), which is scattered
by tissue and therefore penetrates poorly.
We have synthesized a red-shifted MAG
(460 nm peak absorption) and used it on
LiGluR in whole-cell patch clamp experi-
ments in HEK293 cells. The red-shifted
MAG functions as state-dependent teth-
ered agonist, which can be activated with
a broad spectrum of visible light and ther-
mally relaxes to inactivity.3486-Pos Board B641
Optogenetic Gq Signaling in Cardiomyocytes
Thomas Beiert, Tobias Bruegmann, Bernd K. Fleischmann, Philipp Sasse.
Institute of Physiology I, University Bonn, Bonn, Germany.
Stimulation of Gq-protein coupled receptors activates phospholipase C (PLC)
which produces inositol-1,4,5-trisphosphate (IP3) and diacylglycerol. The Gq-
signaling cascade is involved in many fundamental cellular processes including
cardiac pacemaking and arrhythmogenesis.
Gq-proteins can be activated by agonists with low spatio-temporal precision. To
overcome this limitation, we use melanopsin, a directly light-sensitive Gq-cou-
pled receptor (Qiu et al., Nature 2005; 433:745-9).
In melanopsin-expressing HEK293 cells cytosolic Ca2þ-transients could be in-
duced by brief light-pulses and biochemical analyses revealed IP3-production
upon illumination.
Embryonic stem cells with stable expression of melanopsin under control of
the chicken b-actin promoter showed repetitive light-induced Ca2þ-transients.
Cardiomyocytes were differentiated from these embryonic stem cells by gener-
ation of spontaneously contracting embryoid bodies (EBs). Immunofluores-
cence staining revealed clear melanopsin expression in a-actinin-positive
cardiomyocytes.
Brief illumination (60 s) of spontaneously contracting EBs caused an acceler-
ation of beating rate. A slight and delayed increase (to 11753% of control fre-
quency, n=12) was observed at low light-intensities of 9.1 nW/mm2. In contrast
stimulation with 166.7 nW/mm2 led to an instantaneous acceleration of
frequency to 301519% with subsequent decline to a constant plateau of
211513% (n=11). Similar to dose-response-curves of receptor agonists, the
acceleration of frequency showed a sigmoid dependence on light-intensity.
Addition of the PLC-blocker U-73122 or the IP3-receptor-blocker 2-aminoe-
thoxydiphenyl borate attenuated the light-induced acceleration of beating.
Interestingly we observed a higher rate of arrhythmic contractions during
and after light-stimulation of melanopsin.
The effect of local Gq-activation was analyzed using micro-electrode arrays to
identify the leading pacemaker site in EBs. Stimulation of a small (Ø180 mm)
region with focused light led to pacemaker activity or arrhythmias in the illu-
minated area indicating the importance of Gq-signaling for pacemaking.
In summary optogenetic Gq-activation in cardiomyocytes using melanopsin
induces pacemaking and arrhythmia and will enable the investigation of Gq-sig-
naling with high spatio-temporal precision.
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Optimizing of Local Nano-Particle Heating for Thermo-Magnetic
Stimulation of Cells
Maral Alyari, Katie Spoth, Heng Huang, Hongwang Zhang, Hao Zeng,
Arnd Pralle.
SUNY at Buffalo, Amherst, NY, USA.
We have developed thermo-magnetic stimulation of cells by coupling radio-
frequency magnetic field heating of supraparamagnetic nanoparticles to
temperature sensitive ion channels. Optimizing the thermomagnetic heating
requires nanoparticles with increased heating power, high, short field pulses,
and better understanding of the molecular scale heat transfer from nanoparticles
to the surrounding fluid. We are developing supraparamagnetic nanoparticles
with increased magnetic moment and heating capacity. Several sizes, materials
and core-shell geometries were synthesized. The nanoparticles were made
water-soluble by either encasing them in silica or by polymer coating.
To optimize the efficiency of these nanoparticles in activating the TRPV1
channels, we label channel-expressing cells with nanoparticles and compare
the efficiency of various field frequencies and strengths, as well as pulse
durations. To study the molecular scale heat transfer from nanoparticles to
Wednesday, February 6, 2013 679athe surrounding fluid, we use fluorescence to measure the local temperature in
the nanometer space around these nanoparticles. We compare isolated nanopar-
ticles to particles arranged on a surface or in bulk, while also recording the
global temperature. The obtained spatio-temporal temperature profiles are
modeled using finite element software (COMSOL).
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Temperature-Mediated Effects of Millimeter Wave Stimulation on
Membrane Protein Function
Mikhail G. Shapiro1,2, Michael F. Priest2,3, Peter H. Siegel4,
Francisco Bezanilla3.
1Miller Research Institute, University of California- Berkeley, Berkeley, CA,
USA, 2These authors contributed equally, Chicago, IL, USA, 3Division of
Biological Sciences, University of Chicago, Chicago, IL, USA, 4Jet
Propulsion Laboratory and Department of Biology, California Institute of
Technology, Pasadena, CA, USA.
Despite numerous demonstrations that millimeter waves (MMW) induce
changes in cellular activity in neuronal and muscle preparations, the mecha-
nisms underlying these changes remain unclear. Given the high aqueous absor-
bance at millimeter wavelengths, thermal mechanisms are likely. However,
non-thermal mechanisms based on resonant effects have also been postulated.
We examined the effects of MMW stimulation in a simplified preparation
comprising Xenopus laevis oocytes expressing canonical ion channels and
transporters that underlie membrane excitability. Oocytes were injected with
RNA encoding the Drosophila voltage-gated potassium channel Shaker, the
rat voltage-gated sodium channel NaV1.4 with its b1 subunit, a mixture of
the a and b1 subunits of the squid sodium-potassium pump, or an ‘‘AP mix’’
of the Shaker and NaV1.4 channels enabling action potential (AP) generation.
Electrophysiological responses to MMW were studied using two electrode
voltage and current clamps. In this system, MMW (0 to 170 mW/cm2 at 60
GHz) applied directly to oocytes via a home-built waveguide setup produced
local temperature increases of 0.5 to 5 C on a timescale of 1-10 seconds.
MMW radiation altered Shaker activation kinetics and voltage dependence
and NaV1.4 inactivation kinetics and voltage dependence. MMW also acceler-
ated the activity of the sodium-potassium pump. In AP mix-injected oocytes,
the AP firing rate under current clamp increased with the increasing power
of applied MMW, and higher power led to truncated AP trains. The observed
effects of MMW on ion channels and transporters are consistent with purely
thermal effects. Likewise, changes in AP firing are predicted by thermal depen-
dencies in the Hodgkin and Huxley model. Our results suggest that MMW stim-
ulation produces significant thermally-mediated effects on excitable cells that
must be taken into account in the study and use of this range of wavelengths
in biology and medicine.
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Light-Controlled Mitogen-Activated Protein Kinase (MAPK) Signaling
Pathway in Live Cells
Kai Zhang, Liting Duan, Ziliang Lin, Kijung Sung, Yasuko Osakada,
Bianxiao Cui.
Stanford University, Stanford, CA, USA.
The Mitogen-Activated Protein Kinase (MAPK) signaling pathway regulates
critical cellular function such as cell proliferation, differentiation, and apopto-
sis. Defective MAPK signaling has been frequently discovered in various can-
cers such as in breast cancer, lung cancer, and melanoma. Evidence showed that
signaling output of the MAPK pathway depends critically on its spatiotemporal
regulation. However, there are very limited means to control its spatial and tem-
poral dimension in live cells with high accuracy. Here, we report a light-gated
protein-protein interaction system that precisely regulates the activation and in-
activation of the MAPK signaling pathway. We show that sustained MAPK ac-
tivation through continuous light stimulation is sufficient to induce significant
neurite outgrowth in PC12 cells in the absence of nerve growth factor. Light-
gated activation leads to an interesting discovery that MAPK alone is sufficient
to account for neurite elongation, it only partially contributes to the full devel-
opment of sodium channels in PC12 cells. The strategy of using light-gated pro-
tein interaction shows a great promise in dissecting detailed mechanisms of
signal transduction in cells.
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Remote Control of Myosin Speed and Directionality using Light-Activated
Gear-Shifting
Muneaki Nakamura, Zev Bryant.
Stanford University, Stanford, CA, USA.
Engineering molecular motors with dynamically controllable properties will al-
low selective perturbation of mechanical processes in vivo and provide sophis-
ticated components for directed nanoscale transport in vitro. We previously
constructed myosin motors that respond to a change in [Caþþ] by reversingtheir direction of motion along the polarized actin filament [1]. To expand
the potential applications of controllable molecular motors, we have now devel-
oped myosins that shift gears in response to blue light illumination. Light is
a versatile control signal that can be readily modulated in time and space,
and is generally orthogonal to cellular signaling. Using structure-guided protein
engineering, we have incorporated LOV photoreceptor domains into the lever
arms of chimeric myosins, resulting in motors that robustly speed up, slow
down, or switch directions upon illumination. These genetically encoded mo-
tors should be directly deployable inside living cells. Our successful designs in-
clude constructs based on two different myosin classes, and we show that
optical velocity control can be implemented in motors that move at microns/
sec speeds, enabling practical biological and bioengineering applications.
[1] Chen, L., Nakamura, M., Schindler,T.D., and Bryant Z. (2012). Nat.
Nanotechnol. 7, 252-6).
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Generation of a Light Inhibited Src Kinase through Insertion of LOV into
the Catalytic Domain
Pei-Hsuan Chu, Andrei V. Karginov, David G. Shirvanyants,
Nikolay V. Dokholyan, Klaus M. Hahn.
University of North Carolina, Chapel Hill, NC, USA.
Src is a non-receptor tyrosine kinase that participates in a diverse spectrum of
signaling pathways. Because the interactions of Src with activators and down-
stream ligands depend on the spatio-temporal dynamics of Src activation, it will
be valuable to control the timing and location of activation in vivo with light.
Through insertion of the light oxygen voltage (LOV) domain into a conserved
portion of the kinase catalytic domain, we have generated a genetically encoded
analog of Src that is reversibly inhibited upon irradiation at wavelengths be-
tween 400 and 500 nm. With optimized linkers, the insertion minimally per-
turbed Src catalytic activity in the dark, but led to a greater than 2-fold
reduction in activity upon irradiation. Molecular dynamics studies indicate
that the light-induced unwinding of the LOV Ja-helix results in narrowing of
the ATP binding site. The activation loop and beta-sheet move closer to each
other, emulating the structure of the inactive state. Photoinhibition of Src
reduced fibroblast migration rates and the frequency of protrusion. Cells trans-
formed by overexpression of LOV-Src in the dark could be reverted to a normal
phenotype upon irradiation. Structural studies and insertion of other engineered
folds into the same Src site indicate that this strategy can be broadly applied to
other kinases.
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In Vivo Imaging of Odor-Evoked Responses in the Olfactory Bulb using
Arclight, a Novel Fp Voltage Probe
Douglas A. Storace1, Uhna Sung2, Jelena Platisa3, Lawrence B. Cohen1,2,
Vincent A. Pieribone1,3.
1Yale University, New Haven, CT, USA, 2Korea Institute of Science and
Technology, Seoul, Korea, Republic of, 3The John B. Pierce Laboratory, New
Haven, CT, USA.
Optogenetic reporters of membrane potential allow for recording of genetically
distinct populations of neurons, although their usefulness to date has been
limited by poor in vivo expression, small signal sizes and slow kinetics. The
recently developed fluorescent protein (FP) voltage probe ArcLight exhibits
a change in fluorescence to a 100 mV depolarization five times larger than pre-
viously reported probes in HEK 293 cells. However, recordings of ArcLight in
mammalian neurons have been limited to cultured neurons. To demonstrate
the utility of this probe in an in vivo preparation, AAV-1 viral transduction
was used to express ArcLight in the mouse olfactory bulb. Different odors
were presented, and the resulting patterns of activation were imaged and com-
pared with those recorded from the optogenetic calcium indicator GCaMP3.
Odor-specific patterns of activation were imaged from both ArcLight and
GCaMP3, indicating that the FP voltage sensor ArcLight can be used as a reli-
able detector of odor-evoked population signals in the mouse olfactory bulb.
Supported by US NIH Grants DC005259 and NS057631 and grant WCI
2009-003 from the National Research Foundation of Korea.
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Modification of Arclight, a Genetically-Encoded Voltage Sensitive Probe:
A Study of Mechanism
Zhou Han1, Lei Jin1, Dzmitriy Turavets2, Lawrence B. Cohen1, Josef Lazar3,
Vincent A. Pieribone1,4.
1Yale University, New Haven, CT, USA, 2University of South Bohemia,
Ceske Budejovice, Czech Republic, 3Institute of Nanobiology and Structural
Biology GCRC, Nove Hrady, Czech Republic, 4John B. Pierce Laboratory,
New Haven, CT, USA.
Arclight is a fusion protein of superEcliptic pHluorin-A227D fluorescent pro-
tein and the voltage sensing domain of the Ciona voltage sensitive phosphatase.
